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shows a indirect band gap of 1.25 eV in this predicted material, which is not simply Introduction Ferrotoroidic(FTO) domains have been observed in olivine LiCoPO 4 recently using second harmonic generation (SHG), which are independent of the antiferromagnetic(AFM) domains [1] . The ordered arrangement of magnetic vortices is found to be the fourth form of ferroic order, which is currently debated whether to be included or not [2, 3, 4, 5, 6] . The well-known three forms of ferroic are ferromagnetism, ferroelectricity, and ferroelasticity. This fourth form of ferroic is named as ferrotoroidicity corresponding to the former three forms ,which have been established well and investigated extensively. A ferrotoroidic moment is generated by a vortex of magnetic moment, which is asymmetric under the reversal of time and space. The time-and space-asymmetric property relate ferrotoroidic materials deeply to the multiferroic materials, in which ferromagnetic property violates time reversal symmetry and ferroelectric property violates spatial inversion symmetry. In multiferroic materials, magnetization can be rotated by an external electric field, and polarization can be reversed by a reversal magnetic field, which is called the magnetoelectric effect. Therefore, FTO materials can be used as magnetoelectric materials, in which a magnetization is induced by an electric field, and vice versa, and have potential applications in information storage, the emerging field of spintronic , and sensors.
In olivine LiCoPO 4 , the Co 2+ ions are located at positions (1/4+ǫ,1/4,-δ),
where ǫ and δ represent the small displacements by the mmm symmetry. The four nearest Co 2+ are arranged antiferromagnetically along the y axis and have two different toroidic moments due to the rotation of spins by φ = 4.6 o away from y axis [7] .The two toroidic moments are opposite in direction and not equal in value, leading to the ferrotoroidic porperty. Magnetism can be improved by substitution with the transition-metal ions by another one such as in Bi 2 FeCrO 6 [8] and Bi 2 FeTiO 6 [9] . In this paper, we put the high-spin Mn 2+ and Fe 3+ in the sites with larger toroidic radius while low-spin Co
2+
and Ni 2+ in the sites with smaller toroidic radius, which would bring about a large resulting toroidic moments and further an excellent ferrotoroidicity.
This predicted olivine structural material, Li 4 MnFeCoNiP 4 O 16 , is expected to have significant magnetoelectric effect as multiferroic materials due to ferrotoroidicity, and also have potential to be used as cathode materials for Li-ion rechargeable batteries. In order to gain much insight in this predicted material, we have investigated the electronic and ferrotoroidic properties using first-principles calculations. The remainder of this article is organized as follows:in section 2, we present the computational details of our calculations. In section 3, we report the calculated results and discussion. In section 4, the conclusions based on our calculation are given.
Computational details
Calculations in this work have been done using the Quantum-ESPRESSO package [10] . Our density functional theory(DFT) computations follow the method previously reported in Ref. [9] .We used our self-interaction-corrected ultrasoft pseudopotential implementation with the Perdew Burke Ernzerhof (PBE) exchange correlation functional, as the common local density approximation(LDA) fails to obtain a band gap in the transition-metal oxides. Planewave basis set with kinetic energy cut-off of 38 Ry was employed. Li 2s, Mn 3s, 3p and 3d electrons, Fe 3s, 3p and 3d electrons, Co 3s, 3p and 3d elec-trons, Ni 3s, 3p and 3d electrons, P 3s and 3p electrons, and O 2s and O 2p
electrons have been treated as valence states. We used up to 6 × 7 × 8 grids of special k points in total energy calculation, and 8 × 9 × 10 grids of special k points were used for density of states(DOS) calculation. The lattice constants and the atomic positions were taken from Ref. [11] and [12] . Then, fully struc- Hence, a Hubbard like term U is introduced and taken as in Ref. [14] to treat the transiton-metal ions, which is named as DFT+U.
Results and discussion
It is known that LiMPO 4 (M=Mn, Fe, Co, and Ni)has an orthorhombic cell, Let's discuss the magnetic ordering of these four type of ions in the system. The spin configurations are constructed as no spin, ferromagnetic, and four antiferromagnetic configurations(denoted as NM, FM, AFM1, AFM2, AFM3 and AFM4, respectively.). The AFM configuration are shown in Table 2 in detail, and the four atomic sites to different AFM configuration are Co,Mn,Ni,and Fe as shown in Fig.2 anticlockwise, and the y axis is taken as the positive direction. The differences in the total energy in the NM, AFM1, AFM2, AFM3, and AFM4 configuration relative to its total energy in the FM configuration are shown in Table 2 . One can see that the NM configuration has the highest total energy and becomes the most unstable configuration. The AFM2 is the optimum magnetic configuration shown in Fig.2 . A resulting magnetic moment of 1.56 µ B is obtained from calculation, which is related deeply with the real spin configuration of the four transition-metal elements, which will be discussed in detail in the following sections.
The spin part of the toroidic moment is expressed as
where r n is the radius vector and s n is the spin of the n magnetic ions, and the center of the unit cell is taken as the origin. As we know, the Mn and Fe ions are expected to be in the higher spin states as compared with Co and Ni ions. Therefore, as long as spins rotate away from y axis, from the favorable structure shown in Fig.2 , we get
Hence, a large resulting toroidic moment can be obtained in this predicted system as compared with the case in LiCoPO 4 . From the calculation above, we consider the ferrotoroidic and ferrimagnetic properties can be achieved simultaneously.
The DFT+U method combines the high efficiency of LDA/GGA, and an explicit treatment of correlation with a Hubbard-type model for a subset of states in the system. The total energy is expressed as
where n(r) denotes the charge density and n Iδ is the transition-metal on-site occupation matrix. From the expansion in spherical harmonics,in first order approximation, we have
In present work, U is 3. 3d-electrons of these transition-metal leads to the states passing through the Fermi enrgy, and further to the half-metal characteristic. The strong correlation of these 3d electrons are well described by employing the DFT+U, and a indirect band gap of ∼1.25 eV is found in the predicted material.
In Fig.4 we present the DFT+U band structure of Li 4 MnFeCoNiP 4 O 16 for majority spin. It can be seen that it is a semiconductor with an indirect band gap ∼ 1.25 eV. The valence band top and conduction band bottom lie, respectively, at S and Γ points of the first Brillouin zone. This suggests that the electronic conduction performance of this new material is not very good. A large band gap will lead to a very small number of intrinsically generated electrons or holes when it is used as the cathode material for Li-ion rechargeable batteries.
Therefore, the band gap will not play any significant role in setting the concentration of conduction electrons or holes. It is likely that the key electrons involved in transport in the predicted material are not delocalized electrons, but localized small polarons [15] , and polaron mobility is determined by the hopping rate of the polarons. On the other hand, an excellent magnetoelectric effect can be achieved by the insulating property , in which the current leakage is well inhibited. Moreover, from the band dispersion, the valence bands are very dense with little dispersion, while the conduction bands have distinctive dispersions, and these dispersive conduction bands are well above the Fermi energy.
In order to gain insight in the spin configuration and the oxidation states of the transition-metal elements in the new predicted system, we report the orbital-resolved DOS for Mn, Fe, Co, and Ni in Fig. 5, Fig. 6, Fig. 7 , and Based on the structural analysis and spin configuration, the toroidic moment caused by Mn and Fe is greater than that caused by Co and Ni, which leads to a net toroidic moment and further to ferrotoroidic characteristic, accompanying with a ferrimagnetic configuration. This material can be used as multiferroic material due to its magnetoelectric coupling effect, and possible candidate for cathode material in rechargeable Li-ion batteries. For the latter, the electronic conductivity is not only simply related to the indirect band gap, but also related to localized small polarons and polaron conduction.
Conclusions
Motivated by the ferrotoroidic domains observed in Table 1 Relaxed lattice parameters and wyckoff positions. Table 2 AFM magnetic configuration and calculated differences in total energy (△E) in the 
